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Abstract 


Gasoline particulate filters (GPFs) are important aftertreatment 
components that enable gasoline direct injection (GDI) engines to meet 
EU6 and China6 particulate number (PN) emissions regulations for 
non-volatile particles > 23 nm in diameter. GPFs are rapidly becoming 
an integral part of the modern GDI aftertreatment system. 


The Active Exhaust Tuning Valve (EXTUN) is a butterfly valve placed 
in the tailpipe of an exhaust system that can be electronically 
positioned to control exhaust noise levels (decibels) under various 
vehicle operating conditions. This device is positioned downstream of 
the GPF and variations in tuning valve position can impact exhaust 
backpressures making it difficult to monitor soot/ash accumulation or 
detect damage/removal of the GPF substrate. 


The purpose of this work is to present a unique example of subsystem 
control and diagnostic architecture for an exhaust system combining 
GPF and EXTUN. In particular, the On-Board Diagnostics (OBD) 
controls required to detect a disconnected/plugged downstream hose 
when combining a differential pressure sensor and an electronically 
controlled exhaust tuning (EXTUN) valve in an exhaust system 
containing a GPF. The regulatory implications related to failing to 
detect a disconnected/plugged downstream hose are also discussed. 
Validation data from the control strategy under different operating 
conditions is reviewed. 


Introduction 


Internal combustion engines, in particular gasoline engines with direct 
injection fuel systems, generate fine particulate matter during engine 
operation that are subject to emission regulation. Gasoline particulate 
filters (GPFs) are utilized in the engine exhaust system to trap this 
particulate matter before it is released to the atmosphere. With a view 
toward meeting increasingly stringent EU7 emission requirements and 
monitoring, GPFs are rapidly becoming a ubiquitous part of new GDI 
aftertreatment systems in Europe and China and are even expected to 
gain a greater share in the PFI segment. 


Similarly, the particulate matter regulatory requirements in the US 
continue to tighten. The Environmental Protection Agency (EPA) U.S. 
Tier 3 and California Air Resources Board (CARB) LEVIII standards 
mandate tailpipe particulate matter (PM) limits of 3 mg/mi, down from 
the current 10 mg/mi beginning in 2023 and PM1 (1 mg/mi) limits will 
follow starting 2026. 


Since 1991, regulatory agencies in the US and European Union (EU) 
have been imposing specific regulations on automotive companies that 
require the integration of on-board diagnostics (OBD) monitoring for 
the detection and reporting of emission control malfunctions. OBD 
regulations generally require original equipment manufacturers 
(OEMs) to assure that the health of emission control components is 
maintained and functional throughout the life of the vehicle. GPF 
emission control systems are no different and require unique 
diagnostic controls to meet these regulatory requirements. 


Under some circumstances the GPF substrate can become damaged 
and unable to trap particulate matter. In other circumstances, the filter 
may be missing or removed from the exhaust system. In order to 


detect a degraded or missing GPF, one or more exhaust pressure 
sensors are used for diagnosis. These sensors are normally connected 
and measure pressure upstream and/or downstream of the GPF. 


Generally, three types of exhaust pressure sensors have been 
developed for use in GPF control systems: 


e Single Port Gauge Sensor — Measures and outputs pressure 
with respect to barometric pressure at the location connected 
to the exhaust. For example, a connection to the exhaust 
upstream of the GPF would measure pre-GPF gauge 
pressure. 

e Dual Port Gauge Sensor — This is effectively two single 
port gauge sensors in the same housing. The difference 
between a Dual Port Gauge Sensor and a Dual Port 
Differential Sensor is that the dual port gauge sensor outputs 
two independent pressures and the differential pressure is 
calculated external (in the PCM), rather than internal, to the 
device. 

e Dual Port Differential Sensor — Measures, internally 
calculates and outputs pressure differential between two 
locations in the exhaust. For example, connections upstream 
and downstream of the GPF would output the pressure drop 
across the GPF. 


This paper is specifically focused on diagnostic interactions with 
dual port differential pressure sensors. 


One example approach outlined by Nieuwstadt in U.S. Patent No. 
6,947,831 et al. [3] discloses the use of a differential pressure sensor 
to determine the state of a particulate filter for regeneration purposes. 
The method illustrates monitoring with a differential pressure across 
the filter and compares the pressure reading against a threshold for the 
purposes of diagnosing a degraded filter. A comparison of expected 
pressure response versus actual pressure reading 

flow variation is used to indicate particulate filter degradation or 
induce regeneration of the filter accordingly. 


However, authors herein have recognized potential issues with the 
above approach. During normal vehicle operating conditions, the 
downstream and/or upstream pressure sensor connections might 
become disconnected, resulting in inaccurate pressure readings and 
directly affecting the GPF controls. The on-board diagnostics control 
system must detect GPF component fault conditions, such as a 
differential pressure sensor with a downstream hose disconnected, in 
order to accurately monitor the health status of the GPF and/or detect 
when the GPF is damaged or missing . Under some circumstances, in 
the presence of an EXTUN valve, the method outlined is unable to 
detect a disconnected downstream hose or diagnose a 
missing/damaged particulate filter. 


This study aims to highlight a novel control and diagnostic method 
used to diagnose a disconnected downstream hose on a dual port 
differential pressure sensor in a GPF exhaust system utilizing an 
EXTUN valve. 


EXPERIMENTAL 


Vehicles 


For investigation purposes a 2018 Ford Mustang equipped with GPF 
was selected for testing. The vehicle has a production intent 5.0L V8 
producing 460 hp at 6500 RPM with dual exhaust fitted with actively 
controlled exhaust tuning valves. 


System Layout 


This vehicle used a production exhaust system consisting of three-way 
catalyst (TWC) and GPF in the light-off position on both banks. The 
close-coupled, round TWCs were 4.66 x 2.93” (50 in?) and contained 
Pd and Rh. The filter substrate was a cordierite wall-flow substrate 
with 1.0 g/in? of three-way catalyst washcoat containing Pd and Rh. 
The porosity of the filter was approximately 65% with a mean pore 
size of 22 um. The GPF had a diameter of 5.66”, a length of 6”, 2.5 L 
total geometric volume, cell density of 300 cells per in’, and 305 pm 
(12 mil) walls. 


Exhaust System Layout with GPF + Differential PFP + EXTUN Valve 


CMS = Catalyst Monitor Sensor HEGO 
UEGO = Universal Exhaust Gas 02 Sensor 
EGT = Exhaust Gas Temperature Sensor (new) 
PFP = Particulate Filter Pressure Sensor (new) 
TWC = Three-Way Catalyst 

‘ana 


GPF = Gasoline Particulate Filter 


Figure 1- General exhaust layout 5.0L Mustang test vehicle with differential 
Particulate Filter Pressure (PFP) sensor configuration and active exhaust tuning 
(EXTUN) valve. 


As shown in Figure 1, the universal exhaust gas O2 sensor (UEGO) is 
used in an upstream position, relative to the catalyst and determines 
Air/Fuel (A/F) ratio in the exhaust. The catalyst monitor sensor (CMS) 
is used in a downstream location (either partial volume or full volume 
location). 

. A differential pressure (dP) 
sensor or (PFP) measures the pressure drop across the GPF. 


It should be noted that for the purposes of the discussion in this 
paper, the PFP (dP) sensor, as illustrated in Figure 1, performs the 
calculation for pressure drop (inlet pressure — outlet pressure) across 
the GPF internal to the sensor and can only feedback differential 
pressure. This limitation will be important in the upcoming 
discussion of diagnostic methods. 


Particulate Filter Operating Principles 


The general construction and purpose of gasoline (GPF) and diesel 
(DPF) particulate — both capture and regenerate 
soot. Generally, GPFs and DPFs both force exhaust mass to flow 
through filter media by capping the entrance and exit of alternating 
flow capillaries in the substrate. Both GPF and DPF substrates can be 
washcoated to provide some of the oxidation and reduction 
characteristics of a TWC catalyst (washcoating can impact both 
backpressure and filtration efficiency). 


EXTUN — Exhaust Tuning Valve (Actively Controll. 


However, the operating strategy for maintenance and control differs 
significantly between GPFs and DPFs. GPFs normally operate at 
stoichiometric exhaust gas conditions and maintain GPF substrate 
temperatures which are sufficiently warm, under many operating 
conditions, to promote soot regeneration. On the other hand, DPFs 
normally operate in an environment with excess O2 and at temperatures 
which are consistently below those required for soot regeneration. 


Additionally, diesel vehicles produce considerably more soot during 
combustion, often requiring unique soot regeneration modes to 
maintain particulate filter health and keep exhaust backpressure low. 


Some captured particulate matter (ash) is unable to be regenerated and 
gets permanently deposited onto the substrate wall, never leaving the 
pores. Moderate ash accumulation is expected over the life of a 
particulate filter and is even beneficial to filtration efficiency. Proper 
particulate filter monitoring and maintenance is essential to avoiding 
a build-up of ash or unburned soot which can result in engine or 
substrate damage due to excessive exhaust backpressure or thermal 
damage. 


Exhaust Tuning Valve Operating Principle 


Figure 2 shows the cold end of the dual exhaust system which is 
comprised of tailpipe, exhaust hangers and mufflers with two exhaust 
ducts. The exhaust tuning valve controls exhaust flow through only 
one tailpipe duct and is positioned after the muffler as illustrated. The 
butterfly valve is controlled by a stepper motor via pulse width 
modulation (PWM) which communicates valve position as well as 
electrical, mechanical and functional fault states. At ‘Valve Open’ 
position, the exhaust flow bypasses the muffler and has a direct path to 
atmosphere. At ‘Valve Close’, the exhaust gases are redirected and are 
forced through the muffler before exiting, thereby attenuating the 
engine exhaust decibel volume. 


Valve Open 


Valve Closed 


Figure 2 - Exhaust flow control with an Active Exhaust Tuning (EXTUN) 
Valve 


Drive Cycle and Real-World Verification and Validation 


Robustness 


In this section we will analyze the robustness of the downstream hose 
disconnected diagnostic. The relevant noise factors for this analysis 
are: 


1) GPF pressure sensor tolerance: an additive noise with a 
3*sigma level of 1.15 hPa 


2) Exhaust flow model: a multiplicative noise with a 3*sigma 
level of 5% 


3) Drive cycle: Selected from a series of drives, for both banks 
of the 5.0L V8 engine on the Ford Mustang. 


The exhaust flow is a noise factor because it is the input to the 
threshold for the monitor metric; at higher exhaust flows we expect a 
greater pressure difference when the hose is disconnected. It is 
estimated from the air charge model, which is based on volumetric 
efficiency. 


In order to compare monitor results at different flow regimes we use 
the distance from the pressure drop to the fault threshold as the monitor 
metric rather than the measured pressure drop directly. When the 
downstream hose is disconnected, we expect a positive distance from 
the threshold. When the downstream hose is connected, we expect a 
negative distance from the threshold. 
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Figure 10 — Histogram of the monitor metric (pressure difference in hPa) for 
a set of drive cycles with hose off and hose on. 


The results of a Monte Carlo simulation with the above noise factors, 
over 40,000 samples are shown in Figure 10. We can define the 


separation between the intact and failed systems as the difference in 
means over the geometric sum of the standard deviations. 
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And find the value S = 4.05 for this analysis. 


Summary/Conclusions 


This study focused on using an active exhaust tuning valve to diagnose 
a disconnected downstream hose on a differential pressure sensor 
using a 5.0L Ford Mustang as a test vehicle, the following conclusions 
emerged. 
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Contact Information 


Definitions/Abbreviations 


dP — Differential Pressure Sensor DPF — Diesel particulate filter 


GPF — Gasoline Particulate Filter GDI — Gasoline direct injection 


UEGO - Universal exhaust gas O2 sensor CMS — Catalyst Monitor Sensor 


PCM -Powertrain Control Module 


